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Abstract. Faraday rotation measurements of polarized extragalactic sources 
probe the Galactic magnetized, ionized interstellar medium. Rotation measures 
of these sources behind the inner Galactic plane are used to explore characteris- 
tics of the structure in the spiral arms and in interarm regions. Structure in the 
spiral arms has a characteristic outer scale of a few parsecs only, whereas inter- 
arm regions typically show structure up to scales of hundreds of parsecs. The 
data indicate that in the spiral arms, the random component of the magnetic 
field dominates over the regular field, but in the interarm regions the random 
and regular field components may be comparable, and a few times weaker than 
the random magnetic field in the spiral arms. 



1. Introduction 

The discussion whether tiny scale structure in atomic, molecular or ionized form 
is part of a power law power spectrum or is made up of overdense discrete struc- 
tures is ongoing (see e.g. Heiles, Mason, Deshpande, this volume). Therefore, 
in addition to the study of the tiny structures themselves, studies to determine 
the power spectra of the neutral and ionized medium are relevant to have a 
framework in which the existence of tiny scale structure can be tested. 

The velocity and density power spectra of neutral gas are e xtensively probed 
as pa rt of molecular cloud evolution and star formation studies ( Elmegreen &: Scald 



2004 ). For the warm ionized component of the interstel lar medium (ISM), elec 



tron density studies mostly show Kolmogorov spectra ( Armstrong et al. 19951 ) 



The ionized gas dynamics and structure are expected to be heavily influenced 
by magnetic fields threading the medium, the characteristics of which are still 
very uncertain. 

In this paper, we discuss fluctuations in the warm magneto-ionized medium 
probed by way of Faraday rotation, to estimate typical scales of structure and 
magnetic field strengths in spiral arms and in interarm regions. 



2. Data analysis of polarized extragalactic point sources 

Polarized radiation from extragalactic point sources is altered by Faraday rota- 
tion when propagating through the Milky Way plane, which makes these point 
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sources a good probe of the structure in the Galaxy's magnetic field and electron 
densityQ 

However, as these sources are irregularly spaced on the sky, performing a 
Fourier transform to obtain the typical scales of structure introduces artifacts. 
Instead, the second order structure function (SF) of rotation measure RM can 
be used, which is defined as DY^y^{dr) = ((RM(r) — RM(r + dr))'^)^, where dr 
is the separation of two sources on the sky, and ()r is an average over every 
position r which contains a source with a neighboring source in a bin around 
dr away. For a power law power spectrum in RM, the SF will be a power law 
with a certain smallest dissipation scale Id which is much smaller than the scales 
probed in this paper, and an outer scale Iq which is the maximum scale found 
in the turbulence, believed to be the dominant scale of energy input. 

The data we use are from the Southern Galactic Plane Survey (SGPS, 
McClure-Griffiths et al. 2005, Haverkorn et al. 2006a), a neutral hydrogen and 
full-polarization 1.4 GHz continuum survey of the Galactic plane, which spans an 
area of 253° < / < 357° and |6| < 1.5° and contains 148 polarized sources with an 
unambiguous RM measurement (Brown et al. 2006). The data are obtained with 
the Australia Telescope Compact Array (ATCA) and the Parkes 64m single-dish 
telescope, and are publicly available (ATCA data only for polarized continuum 
dataB 

Lines of sight through discrete structures like H ii regions and supernova 
remnants are biased due to the large electr on density and po ssibly magnetic 
field, which increases |RM| in this direction ( Mitra et al. 20031 ). Therefore, we 



have used the total intensity 1.4 GHz radio data from the ATCA combined with 
Parkes single-dish data to determine which extragalactic sources have a sight 
line passing through a supernova remnant or H ii region. The data from these 
sources (about 15% of the total sample) were then discarded. 

SFs are sensitive to large-scale gradients in electron density across the field 
of view. In addition, the geometrical component of the change in magnetic field 
can to first order be approximated with a linear contribution. A plane in RM is 
subtracted from the area in which a SF is computed to correct for these effects. 

Because the SGPS data probe the inner Galaxy, which includes a number 
of spiral arms, they are well-suited to study differences in the structure in the 
ISM in spiral arms and in interarm regions. The SGPS sources are used to 
construct SFs for different lines of sight preferentially through spiral arms or 
mostly through intera rm regions, estimated from the spiral arm positions in 
Cordes fc La"zi3 (|2002l ). Figure [1] shows the SFs in lines of sight primarily going 



through interarm regions (upper panels) and in lines of sight dominated by spiral 
arms (lower panels). 



^Faraday rotation describes the rotation of the angle of hnear polarization (f> due to bire- 
fringence for left and right handed circular polarization in a magnetized, ionized medium. 
Faraday rotation is wavelength dependent: (f> cx RMA'^, where rotation measure RM is 
RM = 0.81 / Tie [cm ] _B|| [/iG] d/[pc], with rie thermal electron density, _B|| magnetic field 
strength parallel to the line of sight and dl path length. 

^http: //www. atnf.csiro.au/research/cont/sgps/query Form. html 
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Figure 1. Structure functions of RM for Galactic interarm regions (top) 
and spiral arms (bottom). The dotted lines are linear fits to the rising parts 
of the SFs (top) and horizontal lines (bottom). 



3. Typical scales of structure 

3.1. The turnover scale of structure functions 

The difference between the structure in RM in spiral arms and the structure in 
interarm regions is obvious: the spiral arm SFs are flat, while in interarm regions 
the SFs rise to a certain turnover in the SF. The location of the turnover is 
interpreted as the largest angular scale of structure in the interarm regions. With 
the argument that the largest angular scales in RM are probably coming from 
nearby, this outer scale corresponds to spatial scales of about 100-200 pc. For the 
spiral arms we can only estimate an upper limit for the outer scale of structure, 
i.e. the smallest scale we probe. In this way, we estimate t he outer scale of 



struct ure in the spiral arms to be smaller than about 10 pc (jHaverkorn et al, 
2006bl ). 



3.2. Depolarization of point sources 

An independent estimate of the outer scales of the structure can be made from 
depolarization of extragalactic point sources. This depolarization is caused by 
variability in polarization angle on angular scales smaller than the size of the 
(unresolved) source. The variance in polarization angle within a telescope beam 
will decrease the polarization degree of the source. 

Variations in polarization angle causing partial depolarization are expected 
to arise within any polarized extragalactic source itself. Indeed, no source in our 
sample exhibits the intrinsic maximum degree of polarization of around 70%, 
but instead observed polarization degrees are typically under 10%. However, a 
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Table 1. ISM parameters for three interarm regions and the Carina and 
Crux spiral arms. The parameter rout is the outer scale determined from 
the turnover of the structure functions; p is observed polarization degree, 
and cr is the standard deviation in RM. The outer scale as determined from 
depolarization is given by r^^j, Bq is the parallel component of the regular 
magnetic field, Cg is the amplitude of the magnetic field spectrum given in 
10^^"^ m^^/"^ fiG^, and Bran the resulting random magnetic field strength. 
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Figure 2. Top: SGPS field of view, where the circles are RMs of extra- 
galactic sources. RM minimum and maximum is ±1000 rad m~^. Bottom: 
same field and same sources, but the circles denote degree of polarization. 
Minimum degree of polarization is 0.4%, the maximum 13.7%. 



Galactic component to this depolarization has been detected as well. Figure [5] 
shows RMs in the upper panel and polarization degree p in the bottom panel, 
and a clear anticorrelation between |RM| and p is visible especially at the lower 
longitudes. This trend is also evident in Figure O which shows the degree of 
polarization of every source as a function of its RM. As the scale of the structure 
in RM and p is several degrees, this cannot be intrinsic to the sources but instead 
must be caused by the Galactic ISM. 

The Galactic component of this depolarization can be estimated assuming 
a power-law power spectrum of RM fluctuations, in the approximation that the 
outer scale of structure rout is much larger than the source size Tgrc which is the 
case here. Adapted from Tribble (1991), the depolarization by a power spectrum 
of RM fluctuations is given by the degree of polarization p as: 

(|^|2) ^ 1 _ 4a2A^2"/2 ( ^Vvil + -) (1) 
Po \routJ 2 
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Figure 3. Polarization degree p against |RM| for each source. 



where po is the intrinsic polarization degree of the extragalactic source radiation 
when it exits the source and a, m and rout ai'e defined via the structure function 

„ / A / 2a'^{r/rout)"^ for r < rout 

The average degree of polarization in the studied regions is given in Tabled) 
The spiral arms seem to be more depolarized than the interarm regions, with 
some possible confusion closest to the Galactic center due to superposition of 
arms and interarm regions along the line of sight. 

The amount of intrinsic depolarization resulting in polarization degree po 
can be estimated from the extragalactic sources observed in and around the LMC 
(Gaensler et al. 2005) to be 10.4%, which we assume is the average polarization 
degree of point sources for which all depolarization is intrinsic. With these 
assumptions, the depolarization beyond 10.4% is due to the variations in Galactic 
RM across the face of the source, which is on average 6 arcsec (Gaensler et al. 
2005). This percentage is higher than the actual average degree of polarization 
due to a selection of strong, highly-polarized sources over weak, weakly polarized 
ones. However, as we are interested in the relative depolarization only, this 
selection effect does not influence our conclusions. 

In the spiral arms it is straightforward to use Eq. ([T|) to obtain the outer 
scale rout needed to obtain the observed depolarization. We assume Kolmogorov 
turbulence (m = 5/3, however, see Section [ST]) , and determine the value of the 
RM standard deviation a from the SF saturation level. The distance is chosen 
to be the average distance to the region probed, which has a large error due to 
the large spatial extent of the gas. 

For the interarm regions we observe a shallow spectrum. Assuming that this 
spectrum turns over to a steeper Kolmogorov spectrum towards small scales (see 
Sections?]), the Kolmogorov slope on small scales will dominate the depolariza- 
tion of the point sources. Then, using linear fits to the rising parts of the slopes, 
we can calculate at which Tout 

and ajiM the depolarization given by Eq. ([1]) 
equals the observed depolarization in Table [TJ This rout is the outer scale of the 
Kolmogorov turbulence, i.e. the scale at which the Kolmogorov slope turns over 
into a shallower slope. This scale is given in Table [1] as the Vgut in the interarm 
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regions, and is consistent with the outer scale of Kolmogorov turbulence found 
in the spiral arms of a few parsecs. 



4. Amplitude of magnetic field fluctuations 

While the turnover in the SF of RM corresponds to the outer scale of structure, 
the amplitude of the SF gives information about the magnitude of the magnetic 
field fluctuations in the medium. 

Minter & Spangler (1996, MS96) developed a formalism with which to de- 
scribe the SF of RM assuming power spectra in magnetic field and in electron 
density fluctuations which are zero-mean, isotropic and Gaussian. Assuming 
Kolmogorov turbulence, MS96 find that the RM structure function can be de- 
scribed as: 

Drm = [251.226 \( T^r^yi-rrr^. 



+ 23.043 




y^fiG^ ; \fiGj I 10-3 m-20/3 



10-3 in-20/3 / I 10-13 ni-2/3^G 




\degj 



where no is the mean electron density, Bq is the mean magnetic field strength 
along the line of sight, Iq the outer scale of structure, L the length of the line 
of sight and the magnetic field and density fluctuations are described by power 
laws with the same outer scale and spectral index such that 



{5Bi{ro)5B,{ro + r)) = J cf 



{% + Q 



2\a/2 



and a similar expression for {6n(ro)6n{ro + r)). Assuming that on smaller scales 
the magnetic field power spectrum follows the observed Kolmogorov spectrum 
of electron density, the observed SFs will turn over to steeper slopes towards 
smaller scales. The constraint that the Kolmogorov SF on the small scales and 
the shallower SF on larger scales must have the same amplitude at turnover 
scale Iq yields 

n (xm - / ^^^^^^ for ^ ^o/L 

where m is the spectral index of the shallower SF. Following this formal- 
ism, we can derive the amplitude of the magnetic field fluctuations in the spiral 
arms and interarm regions, which is shown as the dotted lines in Figure [H while 
the input and output parameters for the computat ion are are given , in Ta ble [TJ 
The mean electron density was determined from the Cordes fc Lazio (j2002l ) elec- 



tron density model, was calculated assuming a constant circular field with 
a strength Br eg = 4 /iG ( Beck et"allll996l ). and the outer scale of Kolmogorov 



turbulence ro^t is taken as 5 pc in both arms and interarms, consistent with the 
rough estimates in Table [TJ The path length is chosen as the distance to the 
point for which 90% of the electron density along the line of sight is contained 
in the path length. 
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This procedure allows us to calculate the random magnetic field coefficient 
Cg and the corresponding random magnetic field strengths of about 7 fiG in 
the spiral arms and 2 fiG in the interarm regions, see Table [TJ Caution needs 
to be taken that the uncertainties in the input parameters are large so that the 
magnetic field strength values are also fairly uncertain. However, the analysis 
indicates that the random magnetic field component is consistent with a constant 
in all interarm regions much lower than the value in the spiral arms. 

Random magnetic field strength in the spiral arms exceeding that in the 
interarms has been observed in some external galaxies (e.g. NGC 4631, Beck &: 
Hoernes 1996; IC342, Krause, Hummel & Beck 1989), although the situation is 
not clear in the Milky Way. It is expected for spiral galaxies with weak dynamos 
(Shukurov 1998). 



5. Speculations on the nature of the structure 

If the above assumption is correct and the computed SFs will turn over to a 
(steeper) Kolmogorov spectrum at smaller scales, several mechanisms can be 
responsible for creating the shallow slopes. 

Superposition of two spiral arms with similar spatial outer scales at differ- 
ent distances will yield a shallow transition SF at scales just smaller than the 
saturation scale. However, lines of sight with more spiral arm superpositions 
(higher longitude) should give shallower spectra, contrary to what is observed. 
Furthermore, other observations in the outer Galactic plane (Sun & Han 2004) 
and at higher Galactic latitudes (Haverkorn et al. 2003) which find shallow slopes 
without possible spiral arm superpositions argue against this explanation. 

Discrete structures with internal turbulence within a turbulent medium, 
such as H II regions, can also explain the observations. In this case, on small 
scales (i.e. scales smaller than the size of the region) turbulence in the H ii 
regions would dominate the SF, whereas on larger scales these clouds would just 
add a constant 'noise' term, which makes the total slope shallower. 

Shallow SF slopes can also be caused by a transition from 2D to 3D tur- 
bulence as suggested by MS96. They invoke physical sheets of gas in which 
turbulence cannot operate perpendicular to the sheets, which is a logical choice 
for the region of the sky that they probe, which has a large H ll region near by. 
For data over a significant part of the plane, this interpretation is not likely. 

A plausible option is multiple scales of energy input in the interarm regions: 
for supernova-driven turbulence, the outer scale is believed to be about 100 pc 
(as observed). However, if energy sources such as stellar winds or outfiows, 
interstellar shocks or H II regions input a significant amount of energy into the 
interstellar turbulence on smaller scales (typically parsecs, Mac Low 2004), this 
may flatten the SF on scales of order 1 pc to scales of order 100 pc, as observed. 

Alternatively, the power spectrum of magnetic field fluctuations may not 
follow the Kolmogorov scaling at all. If this is the case, the difference between 
spiral arms and interarm regions may be due to the absence and presence of a 
strong regular magnetic fleld in the arms and interarms, respectively, causing a 
different spectral index (e.g. Schekochihin et al. 2004), or due to a transition 
between subsonic and supersonic turbulence. 
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6. Summary and conclusions 

Faraday rotation measurements of polarized extragalactic sources behind the 
inner Galactic plane in the fourth quadrant are used to study the characteristics 
of the magnetized, ionized interstellar medium in the plane, in particular in 
the spiral arms and in interarm regions. Structure functions show that the 
typical outer scale of structure in the spiral arms is a few parsecs, whereas in 
the interarm regions fluctuations up to hundreds of parsecs in size are observed. 
Partial depolarization of the extragalactic sources by the ISM is used to derive 
a turbulent outer scale of a few parsecs, assuming Kolmogorov-like turbulence. 
From the saturation amplitudes of the structure functions the strength of the 
random magnetic field component in the spiral arms and interarm regions is 
estimated. Assuming an equal regular magnetic field strength in both arms 
and interarms, it is found that the random field in the arms is about 3 times 
stronger than that in the interarm regions. In this case, the random magnetic 
field dominates in the spiral arms, whereas the regular and random components 
are similar in the interarm regions. 
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